tors of relevance in choosing between treatment options to be better defined.
Prostate carcinoma is the most common malignancy among men. In 1999, 179,300 new prostate carcinoma cases (comprising 29% of all new cancer cases among males) were expected to be diagnosed, and 37,000 prostate carcinoma deaths (comprising 13% of all cancer mortality in males) were expected in the U.S. 3 Prostate carcinoma is one of the sites in which the choice of treatment between radiotherapy and surgery is least clearcut, 4 and thus quantifying the relative risks of secondary malignancies for radiotherapy in comparison with surgery is of considerable societal interest.
Essentially, there are two approaches that can be taken practically to quantify the risks of radiationrelated second malignancies. A direct approach is to follow a group of patients treated at a single institution and compare the observed frequencies with an appropriate comparison group. [5] [6] [7] In this situation, treatment protocols and possible subsequent retreatments generally can be reconstructed and analyzed reliably. Problems with this approach relate to the relatively small number of patients that can be studied and, often, to the absence of an appropriate comparison group. Studies using this approach also have the potential for selection bias associated with hospital referral patterns or protocol admittance criteria. The risks of a second malignancy after radiotherapy for prostate carcinoma have been evaluated in several single institution studies. 6 -8 Examination of the statistical power in these studies shows that even the largest such study (543 patients) had very limited power to detect and quantify realistic increases in rates of second malignancies after radiotherapy. 7 An alternative approach involves retrospective studies based on data that are extracted from tumor registries. 9 -14 Using this approach, large numbers of individuals can be studied, yielding far greater statistical power, although there typically is less complete information available regarding treatment. In addition, tumor registry approaches can suffer from a lack of data regarding potential confounding factors, such as smoking or underreporting of secondary neoplasms. 14 The methodology used in this article is designed to address this last issue by comparing risks in prostate carcinoma patients who received radiotherapy directly with prostate carcinoma patients who underwent surgery.
MATERIALS AND METHODS
Men with prostate carcinoma diagnosed between 1973-1993 were identified from the incidence files of nine cancer registries participating in the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) Program. 15 The SEER Program is a set of geographically defined, population-based tumor registries, covering approximately 10% of the U.S. population.
SEER registry incidence files were searched for second primary malignancies (other than prostate carcinoma) that were diagnosed Ն 2 months after the initial prostate carcinoma diagnosis. For each patient, person-years at risk were accrued from 2 months after prostate carcinoma diagnosis until the date of death, date of last follow-up, date of diagnosis of subsequent primary tumor, or the end of 1993, whichever came first. There were a total of 122,123 men in the database who had prostate carcinoma as their first primary tumor, who survived Ն 2 months after their initial diagnosis, and who received either radiation, with or without other treatments (51,584 men), or surgery without radiation (70,539 men) as their first course of therapy. Of the 51,584 men with prostate carcinoma who received radiotherapy, 3549 developed a second malignancy, and of the 70,539 men who underwent surgery, 5055 developed second malignancies.
Information regarding therapy given subsequent to the first course of therapy is not recorded in SEER. The probability of an individual who underwent prostate carcinoma surgery in 1990 receiving subsequent radiotherapy within 5 years was approximately 6%. 16 All male cancer sites recorded in the SEER database were analyzed separately; specifically, these were buccal, lip, tongue, salivary, gum and other oral sites, oropharynx, nasopharynx, hypopharynx, esophagus, stomach, small intestine, colon, rectum, liver or gallbladder, pancreas, nasal cavities, larynx, lung, breast, testis, kidney, bladder, melanoma, eye, brain or central nervous system, thyroid, endocrine, bone, connective tissue, non-Hodgkin lymphoma, Hodgkin disease, multiple myeloma, acute lymphocytic leukemia, chronic lymphocytic leukemia, acute nonlymphocytic leukemia, acute myelogenous leukemia, and chronic myelogenous leukemia.
The number of second malignancies expected, had these men experienced the same rates as the general population, was estimated based on sex specific, age specific, and calendar year specific incidence rates for all types of cancers combined (excluding prostate carcinoma) and for specific cancer sites; these incidence rates were applied to the appropriate number of person-years. Poisson regression methods for grouped survival data 17 were used to estimate directly the percent increase in the relative risk of a second malignancy among prostate carcinoma patients treated with radiation compared with those treated with surgery (without radiotherapy). The data were stratified according to age at the time of diagnosis of prostate carcinoma (Ͻ 60, 60 -64, 65-69, 70 -74, 75-79, 80 -84, and 85ϩ years), and the time interval since prostate carcinoma diagnosis (Ͻ 5 years, Ն 5 years, and Ն 10 years). 95% confidence intervals (95% CI) and significance tests (two-sided) were estimated using standard likelihood ratio-based methods. 17 This direct comparison of the risks observed among prostate carcinoma patients who received radiotherapy versus those who underwent surgery is preferable to comparisons with a general population because it avoids many of the problems associated with underreporting of second malignancies. Table 1 shows selected characteristics of the 122,123 men with prostate carcinoma reported in the SEER database who were treated with radiotherapy or surgery. In terms of distributions of age, survival, and time at risk, the group of patients treated with radiation were remarkably similar to those undergoing surgery.
RESULTS
Because the SEER data come in part from the preprostate specific antigen (pre-PSA) era, the age distribution of the patients at the time of the primary prostate carcinoma diagnosis was somewhat older than the current age distribution of prostate carcinoma patients at diagnosis. For example, the average patient age at first diagnosis in the SEER database is 71 years compared with 69 years for prostate carcinoma patients in the National Cancer Data Base for 1995. 18 In 1995, 14.7% of prostate carcinoma patients were diagnosed at age Ͻ 60 years compared with 9.7% in the SEER database.
Overall, 8604 men developed a subsequent malignancy (excluding prostate carcinoma), which was significantly less than the 9905 expected in the general population. Both the radiotherapy and the surgery treatment groups showed this apparent deficit of second malignancies when compared with the general population. However, when we restricted the analysis to subjects age Ͻ 60 years at diagnosis there was no longer a deficit, a finding also reported by Kleinerman et al. 19 For example, after restriction to ages at diagnosis Ͻ 60 years, the standardized incidence ratio (observed/expected) for all malignancies at all times in the radiotherapy group was 1.05 compared with 0.89 when there was no age restriction. Therefore, it appears likely that the low standardized incidence ratio values both for radiotherapy and for surgery are a consequence of the comparatively elderly population under study. The current analysis largely overcame this underreporting problem by comparing the adjusted relative risks in the radiotherapy group directly with those in the surgery group. Table 2 and Figure 1 show the percentage increase in the relative risk of developing a second malignancy after radiotherapy compared with surgery. There was little evidence of a difference in the risk for leukemia (or any lymphatic or hematopoietic malignancy) for patients treated with radiotherapy versus surgery, although the radiotherapy group did show a nonsignificant 5% increased relative risk for leukemia during the first 5 years after diagnosis.
The solid tumors individually listed in Table 2 represent those for which there was either a significantly different relative risk for radiotherapy versus surgery, or for which there was a nonsignificant change in relative risk of Ͼ 20%, for any time period. The risk of developing any second solid tumor at any time after diagnosis was significantly greater after radiotherapy than after surgery, by approximately 6% (95% CI, 1-11%). As a function of time after diagnosis, this increased risk became greater, being 15% (95% CI, 6 -24%) after Ն 5 years, and 34% (95% CI, 14 -57%) after Ն 10 years.
Of the specific solid tumor sites, both bladder carcinoma and lung carcinoma showed statistically significant radiation-associated increased relative risks at all times after diagnosis, and rectal carcinoma was increased significantly in the radiotherapy group for long term survivors. As illustrated in Figure 1 and Table 2 , for those solid tumor sites in which a radiation-associated increase in risk was observed, radia- tion-associated risk increased with increasing survival time.
The risk of developing a sarcoma within the treatment field was significantly larger after radiotherapy compared with surgery. The increase in risk was 85% (95% CI, 15-201%) at all times after diagnosis, reaching 145% (95% CI, 15-444%) at Ն 5 years after diagnosis; the increased risk at Ն 10 years was no longer statistically significant, most likely due to the small number of cases. The risk of sarcomas outside the treatment field did not differ significantly between the two treatment groups, and for the majority of follow-up intervals generally was significantly lower than the risk for sarcomas within the treatment field. Table 3 provides estimates of the absolute numbers of second solid tumors that could be attributed to the radiotherapy treatment. For example, among the 17,327 men who underwent radiotherapy and survived Ͼ 5 years, there were an estimated 139 extra solid tumors, corresponding to 1 per 125 men, or 1 per 465 person-years at risk. The significant contributors to these extra solid tumors were bladder (estimated 58 
DISCUSSION
Because of the large numbers of cases involved in this study, comparisons between the risks in the radiation and surgery groups could be made with significant statistical power for all sites combined, for individual sites, and for different follow-up intervals. This approach is preferable to comparisons with a general population because it avoids many of the problems associated with underreporting of second malignancies. Specifically, both the radiotherapy and the surgery treatment groups showed an apparent deficit of second malignancies when compared with the general population. Based on the results when analysis was restricted to those age Ͻ 60 years at diagnosis (in which there was no longer a deficit of second malignancies), it appears likely that the apparent deficits both for radiotherapy and for surgery are a consequence of underreporting second tumors in the comparatively elderly population under study. This conclusion, also discussed by Kleinerman et al., 19 suggests that estimating second tumor risk by comparison with a matched healthy population may lead to misleading results, particularly when the first tumors are diagnosed predominantly in elderly populations. The current analysis largely overcomes this underreporting problem by directly comparing the adjusted risks in the radiotherapy and the surgery groups, an approach that also is feasible, for example, for breast carcinoma.
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Solid Tumors
Overall, there was a small but significant increase in solid tumors in the radiotherapy group compared with the surgery only group. There also was a clear pattern of increasing risk of solid tumors with increasing survival time (Ն 5 years and Ն 10 years) in patients treated with radiotherapy compared with those undergoing surgery. Previous studies of the latency period of radiation-induced solid tumors suggest an average latency period of 5-15 years, 20 and the same temporal pattern in the current study lends support to the notion that the increased risks in the radiation group are linked causally to the radiation exposure.
Leukemia
There was no overall difference in the leukemia risk between the radiotherapy and the surgery groups. Based on the experience of the atomic bomb survivors, any radiation-related excess of leukemias would be expected to occur largely within the first 5 years after exposure 21 and although a small (5%, not statistically significant) increase in leukemia risk was observed within 5 years of diagnosis, the leukemia risks are lower than those projected from atomic bomb survivors. 21 Lower leukemia risks than those projected from the atomic bomb survivors also were reported in women who received radiotherapy for cervical or endometrial carcinoma, 9, 10 and it is plausible that the differences noted when compared with the atomic bomb survivor data are a consequence of the much higher dose to the bone marrow in the radiotherapeutic situation, causing cell death in potentially oncogenic damaged cells. 10, 22, 23 However, conclusions regarding leukemia risks must be viewed in light of the limited statistical power available in the current study because leukemia is a comparatively rare malignancy.
Individual Sites
Analyzing the solid tumors site by site, there were significant radiation-associated increases in bladder carcinoma (consistent with the findings of Neugut et al. 12 and Pawlish et al. 13 ), rectal carcinoma, and lung carcinoma, as well as sarcoma in or near the treatment field. As with the overall data, there is a strong indication of an increasing radiation-associated risk with increasing survival time for the individual sites.
Although the largest number of radiation-associated malignancies clearly are carcinomas, the largest increase in relative risk is for in-field sarcomas, although the increase in out-of-field sarcomas was not statistically significant. In the majority of other studies radiation-induced sarcomas occur only in heavily irradiated sites, close to the treatment volume. 24 -27 These observations most likely reflect a different mechanism for the induction of sarcomas compared with carcinomas; the target cells for sarcomas typically are dormant cells and large doses are needed to produce sufficient tissue damage to stimulate cellular proliferation. 28 The sarcoma data in this study appear to follow this pattern, with significant radiation-associated risks being observed for sites in and close to the treatment volume but not for more distant sites, which received lower doses.
Lung Carcinoma
It is interesting to note that the radiation-associated risk for carcinoma of the lung, which is relatively distant from the prostate treatment volume, is elevated significantly and not that different from those for carcinomas of the bladder and rectum. Due to the treatment techniques used over the majority of the time covered by the current study (before around 1993, typically whole pelvic 60 Co irradiation 29 ), the dose to the lung was around 0.6 Gray (Gy), 29, 30 nearly 2 orders of magnitude less than the doses to the bladder and rectum. The approximate constancy of the carcinoma risk over such a wide range of doses may reflect the fact that carcinomas, originating in actively dividing or hormonally controlled cells, can be induced efficiently by relatively low doses of radiation, as evidenced by the atomic bomb survivor data, 20 but the carcinoma risk at high doses is attenuated by the effects of cell killing. 23 Overall, this can produce a relatively flat dose-response relation for carcinoma induction over a wide dose range, which could explain why some lightly irradiated sites exhibit carcinoma risks similar to those in sites that received much higher doses.
There is a second factor, unrelated to radiation exposure, that might have contributed to the excess risk in the lung, namely, that a smoking history often is considered a counterindication for surgery, representing a high preoperative risk factor. 31 Thus a higher proportion of smokers (and therefore lung tumors) might be expected in the radiation group. To investigate this possible bias, we analyzed the results of an earlier case-control study on smoking habits in Canadian prostate carcinoma patients. 32 The results are shown in Table 4 . Of 408 prostate carcinoma patients in the study, smoking and treatment information were available for 393, 283 of whom received either surgery without radiotherapy or radiotherapy with or without other treatments. In the surgery group, 16% were current smokers and 79% ever smokers, compared with 15% and 80%, respectively, in the radiotherapy group. These results suggest that the increased lung carcinoma rates that were observed in the SEER radiotherapy group may not be the result of smoking-related biases.
A further indication that the increases in lung carcinoma rates in the radiotherapy group may indeed be related to radiation comes from examining the time course of the increased risk. In fact, the temporal pattern of the increased lung carcinoma risk in the radiation group is characteristic of solid tumors induced by radiation exposure. 20 From 0 -5 years the increase in relative risk for the radiotherapy versus the surgery group was 5%, increasing to 16% for 5-10 years and to 42% for Ն 10 years, a temporal pattern that would be unlikely to be attributable to smoking.
Comparison with Second Malignancy Rates after Radiotherapy for Cervical Carcinoma
It is of interest to compare the results of the current study on prostate carcinoma patients with those of the corresponding tumor registry-based cohort studies of second tumors in cervical carcinoma patients. 9, 33 Such comparisons must of course be assessed in light of the different temporal characteristics of the two tumors; the average age at diagnosis for invasive cervical carcinoma (in the SEER database) is approximately 50 years compared with approximately 70 years for prostate carcinoma. This allows considerably longer follow-up times in the cervical carcinoma study (average follow-up, approximately 10 years 9 ) compared with the current study (average follow-up, approximately 4 years).
In fact the average radiation doses to various organs for the treatment of the two sites in the 1970s and 1980s were not dissimilar. For example, for the kidney and the lung, the estimated average doses associated with cervical carcinoma radiotherapy were approximately 2 Gy and 0.3 Gy, respectively, 9,33 whereas the corresponding average doses for prostate carcinoma radiotherapy were approximately 2 Gy and 0.6 Gy, respectively. 29, 30 In general, the doses from the two treatments to any given organ were within about a factor of 2 of each other.
Compared with prostate carcinoma, a much lower percentage of patients with invasive cervical carcinoma do not receive radiotherapy. A recent update of the cervical carcinoma tumor registry cohort study 9, 33 analyzed data for 49,900 women with invasive cervical carcinoma who underwent radiotherapy and 16,700 who received no radiotherapy compared with 51,600 and 70,500 men, respectively, in the current prostate carcinoma study (Table 1) . This limits the power of direct comparisons between cervical carcinoma patients who did or did not receive radiotherapy, and indeed in their cohort studies Boice et al. reported radiation risks in cervical carcinoma patients relative to the general population, rather than relative to nonirradiated cervical carcinoma patients. 9, 33 As discussed earlier, comparisons with the general population are more prone to biases and confounding effects, such as smoking, misdiagnosis, and underreporting. However, comparisons between a radiotherapy group and a nonradiotherapy group still are practical for cervical carcinoma patients when disease sites are combined. For example, from the data for patients with invasive cervical carcinoma reported by Kleinerman et al., 9 the percentage increase in relative risk for all solid tumors in the radiotherapy group relative to the nonradiotherapy group was 12% (95% CI, 4 -20%), increasing to 15% (95% CI, 5-26%) for Ն 10 year survivors and to 26% (95% CI, 9 -47%) for Ն20 year survivors; these increased risks may be compared with the results in Table 2 for prostate carcinoma patients of 6% (95% CI, 1-11%), increasing to 34% (95% CI, 14 -57%) for Ն 10-year survivors. As observed in the current study on prostate carcinoma patients, for the patients with invasive cervical carcinoma there was a nonsignificant increase in the early leukemia risk in the radiotherapy group relative to the nonradiotherapy group. 9 For patients with cervical carcinoma the lung is one of the five individual sites for which a statistically increased second malignancy was observed in the radiotherapy group relative to the nonradiotherapy group 9 (increased risk 38%; 95% CI, 17-65%; P ϭ 0.0001). This again supports the notion that the increased risk of lung carcinoma observed in the current study is related to radiation exposure.
Several caveats are appropriate in assessing these comparisons between patients with invasive cervical carcinoma who did or did not undergo radiotherapy. 9, 33 First, to our knowledge tests of homogeneity between the radiotherapy and nonradiotherapy groups with regard to smoking patterns are not available for cervical carcinoma patients (see Table 4 for such comparisons for the current prostate carcinoma study). Second, women with invasive cervical carcinoma who underwent radiotherapy typically were older than those who did not, 33 although the average follow-up time in both groups was approximately the 
